INTRODUCTION
============

It is now just over a decade since the key importance of kisspeptin signaling was identified for human fertility \[[@B1][@B2][@B3]\]. A very substantial international research effort over this time has identified that kisspeptin activates kisspeptin receptors (KISS1R) on gonadotropin-releasing hormone (GnRH) neurons to control puberty onset and subsequent fertility in all mammals \[[@B4][@B5][@B6][@B7]\]. However, it has always been apparent that kisspeptin signaling occurs in many other body organs \[[@B8][@B9]\] in addition to regions of the brain not thought to be involved in controlling the activity of GnRH neurons \[[@B10][@B11][@B12][@B13][@B14][@B15][@B16]\]. Furthermore, recent studies have begun to highlight cross-talk amongst the various RFamide receptors and ligands, including the ability of kisspeptin to activate neuropeptide FF (NPFF) receptors (NPFFR) \[[@B17][@B18][@B19][@B20]\]. Thus, kisspeptin appears to be involved in regulating multiple neuronal networks within the forebrain. We provide here a review of the effects of kisspeptin on the activity of neurons throughout the forebrain. We start with a very brief review of the discovery of kisspeptin and its effects on the GnRH neurons, before concentrating upon the actions and potential roles of kisspeptin signaling in non-GnRH neuronal networks.

DISCOVERY OF KISSPEPTIN AND ITS RECEPTORS
=========================================

While searching for melanoma metastasis-suppressor genes, Lee and coworkers \[[@B21]\] identified a novel cDNA that was only expressed in nonmetastatic human melanoma cell lines and, being located in Hershey (PA, USA), named it \"KiSS-1\" after the Hershey\'s Kissess chocolate. Four N-terminal truncated and C-terminal amidated peptides with 54, 14, 13, and 10 amino acids, derived from a 145 amino acid protein, were subsequently isolated from human placenta and designated as kisspeptin-54 (also named as metastin \[[@B22]\]), kisspeptin-14, kisspeptin-13, and kisspeptin-10 \[[@B12][@B13][@B22][@B23][@B24]\].

The orphan G-protein-coupled receptor 54 (GPR54) was identified as being the cognate receptor for kisspeptin by three independent laboratories in 2001 \[[@B12][@B13][@B22]\]. As the various kisspeptin peptides bind with equal affinity and efficacy to GPR54 \[[@B12][@B13][@B22]\], most research has been undertaken using kisspeptin-10. Unless otherwise stated, \"kisspeptin\" will be used here to represent kisspeptin-10. More recently, it has been suggested that GPR54 should be re-named KISS1R \[[@B25][@B26]\] and this review will use this nomenclature. It is also important to note that multiple *KISS* and *KISSR* homologues are found throughout evolution but only *KISS1* and *KISS1R* remain in mammals \[[@B27][@B28]\].

KISSPEPTIN ACTIONS UPON GnRH NEURONS
====================================

Kisspeptin was discovered to be the most potent activator of GnRH neuron excitability in 2005 \[[@B29]\]. Since then several research groups have examined in great detail the cellular mechanisms through which kisspeptin activates GnRH neurons and the electrophysiological properties of kisspeptin neurons \[[@B30][@B31][@B32][@B33]\]. In essence, endogenous \[[@B34]\] and exogenous \[[@B29][@B35][@B36][@B37][@B38]\] kisspeptin acts directly upon KISS1R expressed on the cell body/proximal dendrites of most GnRH neurons with low nanomolar efficacy (EC~50~=3 to 5 nM) \[[@B37][@B38]\] to depolarize the neuron *in vitro* and *in vivo* \[[@B39]\] in mice ([Fig. 1A](#F1){ref-type="fig"}). The peculiar features of this response are that, for a neuropeptide, kisspeptin is extraordinarily potent and its effects are long-lasting but rarely repeatable in the brain slice preparation \[[@B31]\].

Experiments in brain slices demonstrate that kisspeptin exerts its potent stimulatory actions upon GnRH neurons largely by modulating the activity of potassium and non-selective cationic channels \[[@B35][@B36][@B37][@B38]\]. Kisspeptin closes inward rectifier potassium channels to depolarize GnRH neurons \[[@B35][@B36][@B37][@B38][@B40]\] and available evidence indicates that this occurs through Kiss1r-Gαq-phospholipase C (PLC) signalling that may involve phosphatidylinositol-4,5-bisphosphate \[[@B36][@B38][@B41]\]. Kisspeptin also allows the influx of cations into GnRH neurons by opening a transient receptor potential cationic 4 channel (TRPC4) \[[@B36][@B38][@B41]\]. This also results from Kiss1r-Gαq activation of PLC that, in this case, dissociates PIP2 from the TRPC4 channel to potentiate its activity while also activating tyrosine kinase cSrc to phosphorylate and activate TRPC4. Thus Kiss1r-Gαq-PLC appears to be the primary signalling pathway orchestrating the activity of multiple ion channels to evoke potent excitation in GnRH neurons.

Interestingly, kisspeptin acts at multiple different locations along the GnRH neuron to modulate its electrical activity and the secretion of GnRH. For example, kisspeptin puffed onto GnRH neuron dendrites located outside the blood-brain barrier in the organum vasculosum of the lamina terminalis can also activate GnRH neuron firing \[[@B42]\]. Similarly, kisspeptin applied to the distal dendritic projections of GnRH neurons within and around the median eminence is also able to evoke the secretion of GnRH \[[@B43][@B44][@B45][@B46]\]. The signalling pathways mediating kisspeptin\'s actions on GnRH neuron dendritic projections is unclear at present but likely involves release of calcium from both internal and external sources \[[@B44]\].

Kisspeptin may also exert indirect actions on GnRH neurons with both gamma-aminobutyric acid (GABA)-glutamate and nitric oxide signalling being modified in the vicinity of the GnRH neuron cell bodies under some circumstances \[[@B37][@B47]\]. However, the functional significance of these indirect actions is unclear as the direct effects of kisspeptin on GnRH neurons are the critical site of action for both the electrophysiological \[[@B5]\] and reproductive actions of kisspeptin \[[@B5][@B48][@B49]\].

Finally, it is worth noting that the so-called NPFF receptor antagonist adamantylcarbonyl-arginyl-phenylalaninamide (RF9) \[[@B50]\] has recently been demonstrated to directly activate GnRH neuron firing in a KISS1R-dependent manner \[[@B51]\] and also shown to bind to KISS1R in *in vitro* assays \[[@B52][@B53]\]. This indicates that previous studies reporting dramatic effects of RF9 on the secretion of GnRH \[[@B54]\] and gonadotropins \[[@B55][@B56][@B57]\] did not result from inhibition of NPFF receptors.

KISSPEPTIN ACTIONS ELSEWHERE IN THE BRAIN
=========================================

Kisspeptin and KISS1R neuroanatomy
----------------------------------

The distribution of kisspeptin-immunoreactive fibers has been mapped in many mammals \[[@B58]\] although most information is available for mice and rats \[[@B10][@B59][@B60][@B61][@B62]\]. In general, kisspeptin fibers are located in greatest numbers throughout the preoptic area and hypothalamus. This includes most of the preoptic area sub-nuclei, paraventricular, dorsomedial and arcuate (ARN) nuclei, and the lateral and posterior hypothalamic areas. Notably, few kisspeptin fibers are found within the ventromedial and supraoptic nuclei (SON) and species differences exist with respect to the suprachiasmatic nucleus. Outside of the hypothalamus, kisspeptin fibers are located in the septum, subfornical organ, bed nucleus of the stria terminalis, medial amygdala, anterior and paraventicular nucleus of thalamus and preaquaductal gray and locus coeruleus of the brainstem \[[@B10][@B59][@B60][@B61][@B62][@B63][@B64][@B65]\]. Anterograde and retrograde tracing studies have shown that both of the principal kisspeptin neuron populations located in the preoptic area and ARN contribute to these projections, with those from the ARN being more widely dispersed throughout the brain \[[@B60][@B63][@B64]\].

The absence of specific antisera for KISS1R has resulted in much less information being available on the distribution of the KISS1R in the brain. Early studies examining broad brain regions indicated that *KISS1R* mRNA was expressed widely throughout the human brain \[[@B12][@B13]\]. An early *in situ* study in rats also indicated that *Kiss1r* mRNA was expressed in many different brain regions including the pons, midbrain, thalamus, hypothalamus, hippocampus, amygdala, cortex, frontal cortex, and striatum \[[@B14]\]. The most detailed maps of KISS1R-expressing cells have been undertaken in genetically modified mice that have *LacZ* knocked into the *Kiss1r* locus \[[@B15]\] and in a recent rat *Kiss1r* mRNA study \[[@B16]\]. These studies showed high levels of KISS1R in the GnRH neuron population alongside expression in some of the brain regions known to have kisspeptin fibers in the mouse. In addition, many brain regions that do not have detectable kisspeptin-immunoreactive fibers were observed to express KISS1R; for example the hippocampal dentate gyrus, supramammillary nuclei and various thalamic nuclei \[[@B15]\]. It is important to note that, at present, the reported distribution patterns of KISS1R appear highly discordant between species. Some of this may be methodological but differences in certain regions may reflect true species variation. For example, most evidence indicates that there is very little or no KISS1R in the arcuate nucleus of the mouse \[[@B15][@B43]\] although it is present in the rat \[[@B16]\] and primate \[[@B66]\].

Together, these neuroanatomical studies indicate that kisspeptin signaling occurs at multiple locations within the brain and that there is only moderate overlap between the locations of the receptor and ligand. This suggests the presence of other ligands for KISS1R and, equally, that kisspeptin may act at receptors other than KISS1R.

RFamide signaling cross-talk
----------------------------

The mammalian RFamide peptides share a common carboxy terminal Arg-Phe-amide motif and are classified into five distinct families; RFamide-related peptide-3 (RFRP-3), NPFF/neuropeptide AF, prolactin-releasing peptides, kisspeptins, and 26/43RFa \[[@B67][@B68]\]. While each family has its own cognate receptor (respectively, NPFF1R, NPFF2R, GPR10, KISS1R, and GPR103), there is increasing evidence for crosstalk signaling amongst the RFamide peptides \[[@B17][@B19][@B69]\]. In relation to kisspeptin, recent studies expressing the different RFamide receptors in cell lines have shown that kisspeptin can bind to and activate NPFF1R and NPFFR2 with high affinity \[[@B17][@B18][@B19]\]. As NPFFRs are widely expressed in the brain \[[@B70][@B71][@B72][@B73][@B74]\], and in several regions where kisspeptin fibers are found, it is possible that kisspeptin signaling in some neurons is mediated by NPFFRs.

Kisspeptin modulation of magnocellular oxytocin and vasopressin neurons
-----------------------------------------------------------------------

One of the first neuroendocrine observations with kisspeptin was that intravenous administration stimulated oxytocin secretion in rats \[[@B12]\]. This has been followed up by Scott and Brown \[[@B75][@B76]\] who demonstrated that intravenous kisspeptin, estimated to achieve plasma concentrations of 1 µM, increased the firing rate of oxytocin neurons in the SON of the rat. However, intracerebroventricular kisspeptin, estimated to achieve a cerebrospinal fluid concentration of \>6 µM, did not alter oxytocin firing and the intravenous effects of kisspeptin were abolished by peripheral capsaicin administration. Together, these data indicated that kisspeptin acts peripherally, requiring the vagus nerve, to stimulate oxytocin neurons in female rats \[[@B75][@B76]\].

Remarkably, the effects of kisspeptin on oxytocin neurons appear to change over the course of late-pregnancy and lactation as, at these times, intracerebroventricular kisspeptin is now able to activate oxytocin neuron firing ([Fig. 1B](#F1){ref-type="fig"}) suggesting the appearance of central sites of kisspeptin action within the oxytocin neuronal network \[[@B76]\]. The pathway through which kisspeptin activates oxytocin neurons at these times is not known. There is no evidence for expression of *Kiss1r* in oxytocin neurons of the SON in rats or mice \[[@B14][@B15]\] although recent data suggest that paraventricular nucleus of hypothalamus (PVN) oxytocin neurons may do so \[[@B16]\]. Notably, NPFF1R is also abundant in the PVN \[[@B72][@B73]\].

There is also evidence that kisspeptin may modulate the activity of magnocellular vasopressin neurons as intracerebroventricular kisspeptin has been found to increase plasma vasopressin concentrations in male rats \[[@B77]\]. Intravenous kisspeptin has also been found to evoke a brief increase in the firing rate of a subpopulation of vasopressin neurons in SON of female rats \[[@B75]\]. As for oxytocin, the mechanism of kisspeptin action is unknown although kisspeptin-10 was recently shown to increase the frequency of miniature excitatory postsynaptic current in mostly vasopressinergic SON neurons in brain slices from male rats \[[@B78]\]. This study suggested that kisspeptin is acting somewhere within the brain slice preparation to modify glutamatergic input to vasopressin neurons. As another possibility, a further recent study has indicated that arcuate neurons co-expressing neurokinin B and kisspeptin may project directly to SON vasopressin neurons \[[@B79]\]. It remains however that very few kisspeptin-immunoreactive fibers have been detected within the SON of the mouse or rat \[[@B10][@B59][@B79]\].

Together these studies provide good evidence that kisspeptin is able to modulate that activity of both vasopressin and oxytocin magnocellular neurons although their physiological roles remain unclear. Kisspeptin may act indirectly on these cell types and the precise receptors, sites, and mechanisms of action are unknown.

Kisspeptin modulation of arcuate nucleus neurons
------------------------------------------------

The ARN contains neural circuits responsible for a wide variety of neuroendocrine and other homeostatic functions. Kisspeptin fibers originating from both the preoptic and ARN kisspeptin neurons \[[@B63][@B64]\], are found in very high density throughout the ARN suggesting possible roles for kisspeptin in modulating many functions of this brain region.

To date, two studies in mice have examined the effects of kisspeptin on neuronal activity in the ARN with both finding that relatively high concentrations of kisspeptin (\>100 nM) can excite or inhibit the firing of subpopulations of ARN neurons \[[@B20][@B80]\]. Fu and van den Pol \[[@B80]\] reported that kisspeptin excited pro-opiomelanocortin (POMC) neurons directly by activating non-selective cation channels and a calcium/sodium exchanger. In contrast, those authors found kisspeptin to inhibit neuropeptide Y (NPY) neurons indirectly by activating GABAergic inputs to these cells. As the effects of kisspeptin on POMC neurons were attenuated by pre-treatment with peptide 234, an early KISS1R antagonist, it was suggested that KISS1R mediated the effects of kisspeptin on POMC cells \[[@B80]\]. The receptors involved in the kisspeptin modulation of GABA neurons innervating NPY neurons are not known. It remains possible that kisspeptin acts directly upon NPY neurons as mouse fluorescence-activated cell-sorted green fluorescence protein (GFP)-NPY neurons were reported to express *Kiss1r* mRNA \[[@B81]\] and kisspeptin fibers are thought to make appositions with NPY neurons in the sheep \[[@B82]\]. It is also noteworthy that intra-cerebroventricular kisspeptin can modulate both *Npy* and *Pomc* gene expression \[[@B82]\].

Despite uncertainties regarding the mechanisms of kisspeptin action, it seems clear that kisspeptin is able to modulate the activity of POMC and NPY neurons in the arcuate nucleus of hypothalamus. This has raised the possibility that kisspeptin may be involved in the central control of body weight. To date, it has been shown that intracerebroventricular kisspeptin can dose-dependently inhibit the feeding response to an overnight fast \[[@B83]\] and that female Kiss1r-null mice exhibit elevated body weight associated with impaired glucose tolerance and reduced feeding \[[@B84]\]. However, it is important in these types of experiments to distinguish the direct effects of kisspeptin from confounding indirect effects of kisspeptin manipulations on circulating gonadotropin and gonadal steroid hormone levels. For example, Leon and coworkers \[[@B49]\] recently reported that *Kiss1r*-null mice genetically-engineered to maintain normal gonadotropin and gonadal hormone levels have normal body weight indicating that kisspeptin signaling is not directly involved in metabolic control.

The second electrophysiological study of kisspeptin actions in the ARN demonstrated that, unexpectedly, kisspeptin was equally effective at modulating ARN neuron firing in wild-type and *Kiss1r*-null mice \[[@B20]\]. Approximately one-third of all ARN neurons were directly inhibited or excited by kisspeptin in *Kiss1r*-null mice with the effects of kisspeptin being transient, repeatable and requiring relatively high concentrations (\>100 nM) of kisspeptin ([Fig. 1C](#F1){ref-type="fig"}); very different to the characteristics of kisspeptin action on GnRH neurons. This was the first clear indication that kisspeptin could signal independently of KISS1R in the brain. That study went on to show that the effects of RFRP-3, the NPFFR agonist, were very similar if not identical to those of kisspeptin on individual ARN cells ([Fig. 1C](#F1){ref-type="fig"}) as well as the ARN cell population in general \[[@B20]\]. The direct excitatory actions of kisspeptin and RFRP-3 on ARN neurons appeared to result from opening non-selective cation channels whereas the direct inhibitory actions involved opening potassium channels \[[@B20]\]. Alongside evidence for the expression of both NPFFRs in the ARN of mice \[[@B85]\], Liu and Herbison \[[@B20]\] suggested that both the inhibitory and excitatory of kisspeptin in the ARN were mediated by NPFFRs. However, as these studies were not undertaken on neurochemically-identified ARN neurons, it remains possible that kisspeptin actions on POMC neurons are mediated by KISS1R as suggested by Fu and van den Pol \[[@B80]\]. Nevertheless, the vast majority of kisspeptin signaling in the ARN is independent of KISS1R \[[@B20]\]. From a functional perspective, this will endow specific ARN neuron subpopulations with the ability to respond in the same way to both kisspeptin and RFRP-3 inputs.

Although there are no electrophysiological data, It is relevant to note the growing evidence that kisspeptin may modulate the activity of the tuberoinfundibular dopaminergic (TIDA) neurons to regulate prolactin secretion. The intracerebroventricular administration of kisspeptin was found to reduce dopaminergic activity in the median eminence and increase prolactin secretion in rats \[[@B86][@B87]\]. Further, kisspeptin terminals are thought to synapse on TIDA neurons \[[@B82][@B87][@B88]\] and kisspeptin inhibits proto-oncogene protein c-fos-related antigen expression in the TIDA neurons \[[@B87]\]. Interestingly, these effects of kisspeptin are larger in females and depend on estrogen \[[@B86]\]. Such data have led to the hypothesis that kisspeptin suppresses the activity of TIDA neurons to elevate prolactin secretion. Although direct recordings of TIDA neurons have not been undertaken, this hypothesis is compatible with the direct inhibitory actions of kisspeptin on unidentified ARN neurons \[[@B20]\]. Interestingly, there is a possibility that prolactin itself feeds back onto the ARN kisspeptin neurons as chronic administration of prolactin increases the expression of pSTAT5 in ARN kisspeptin neurons \[[@B89][@B90]\].

Kisspeptin modulation of hippocampal granule neurons
----------------------------------------------------

The first electrophysiological investigations into the effects of kisspeptin on neuronal excitability were undertaken by Arai and colleagues \[[@B91]\] working in the hippocampus of the rat. In that study they showed that kisspeptin increased the amplitude of alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor-mediated postsynaptic currents in granule cells ([Fig. 1D](#F1){ref-type="fig"}); likely reflecting changes in the abundance or kinetics of AMPA receptors expressed by these cells. These effects were unlike those observed with GnRH neurons as they were transient, repeatable, and required high (\>200 nM) concentrations of kisspeptin. Kisspeptin was not found to have any other effects upon granule cells, or actions on any other hippocampal cell type \[[@B91]\]. The receptor underlying these actions has not been established with certainty but *Kiss1r* mRNA is reported within the hippocampus of rats and mice \[[@B13][@B14][@B91][@B92][@B93]\] although, curiously, this was not observed in the most recent profiling of *Kiss1r* mRNA in the rat \[[@B16]\]. As NPFF1R is also found throughout the hippocampus \[[@B73][@B74]\] it cannot as yet be excluded that kisspeptin signals through NPFFRs to regulate hippocampal function.

It remains unclear whether the kisspeptin peptide itself is found in the hippocampus. Immunohistochemical studies have consistently failed to detect kisspeptin-immunoreactive fibers within the hippocampus of rats or mice \[[@B10][@B11][@B59]\]. Nevertheless, *Kiss1* mRNA has been reported in the hippocampus, although its expression level is about 50-fold lower than that of the hypothalamus \[[@B13][@B91][@B92][@B93]\]. This suggests that low levels of kisspeptin peptide may be produced within the hippocampus itself and this may be elevated by seizure activity \[[@B92]\]. Interestingly, high concentrations of kisspeptin (10 µM) increase brainderived neurotrophic factor (BDNF) mRNA in organotypic hippocampal slice cultures and BDNF is reported to enhance synaptic transmission in dentate gyrus \[[@B94]\].

The functional role of kisspeptin signaling in the hippocampus is unknown. It was recently shown that kisspeptin-13 promoted memory formation and retention in male mice \[[@B95]\]. It is notable that this required very high intracerebroventricular concentrations of kisspeptin (\~15 nmol/mouse) compared to the intracerebroventricular levels needed to stimulate GnRH secretion (\<0.01 nmol/mouse) \[[@B96][@B97]\]. Furthermore, kisspeptin\'s actions on memory were blocked by a GnRH receptor antagonist \[[@B95]\] indicating that indirect actions of kisspeptin involving the activation of secretion of gonadotropins and gonadal steroid hormone were critical. Circulating levels of luteinizing hormone (LH) and estrogen have long been known to modulate hippocampal function \[[@B98][@B99]\]. Nevertheless, it was also reported that the bilateral injection of \~3 nmol kisspeptin-13 directly into the hippocampus improved memory suggesting a local action \[[@B95]\]. It would appear that kisspeptin interacts with many different neurotransmitter systems in the hippocampus as the effects of intracerebroventricular kisspeptin-13 on passive avoidance learning in mice are dependent upon adrenergic, serotoninergic, acetylcholinergic, dopaminergic, GABAergic, and nitric oxide signaling \[[@B100]\]. Further the administration of a KISS1R antagonist was not found to have any effects on hippocampal function \[[@B95]\]. These features indicate that kisspeptin acts as a neuropeptide neuromodulator in the hippocampus.

Kisspeptin modulation of medial amygdala neurons
------------------------------------------------

The medial amygdala is another brain region where kisspeptin fibers are detected alongside a small number of kisspeptin neurons in the mouse and rat \[[@B62][@B101][@B102][@B103]\]. At present, the role of kisspeptin fibers in the amygdala is unknown and no electrophysiological studies have examined the actions of kisspeptin in this brain region. It is notable that the recent distribution studies have not detected KISS1R within the medial amygdala of mice \[[@B15][@B16]\] although it is found in rats \[[@B14]\]. Recently, Comninos and colleagues \[[@B104]\] used manganese-enhanced magnetic resonance imaging in rats to show that peripheral administration of kisspeptin-54 decreased the activity of the medial amygdala by \~20%. In subsequent studies those authors found that administration of high concentrations (1 nmol) of kisspeptin directly into the medial amygdala resulted in an increase in LH secretion while treatment with the kisspeptin antagonist peptide-234 reduced LH pulsatility \[[@B104]\]. These interesting observations suggest that kisspeptin signaling within the medial amygdala can in some way suppress GnRH neuron functioning and support prior studies implicating this brain region in fertility control \[[@B105][@B106][@B107]\].

CONCLUSIONS
===========

This review highlights increasing evidence for functionally-relevant kisspeptin signaling within multiple different brain regions. While a special role for kisspeptin in the regulation of GnRH neurons exists, it is apparent that many other neuronal networks unrelated to fertility control also utilize kisspeptin as a neuropeptide to modulate activity. From an evaluation of these different roles of kisspeptin in the brain, two major themes are evident.

First, kisspeptin-KISS1R signaling at the GnRH neuron appears to be fundamentally different to kisspeptin neuropeptidergic transmission occurring elsewhere in the brain ([Fig. 2](#F2){ref-type="fig"}). At the GnRH neuron, kisspeptin activation of KISS1R is remarkably potent with an EC~50~ of 3 to 5 nM \[[@B37][@B38]\] and an ability to drive GnRH neuron firing that is more robust than that observed for glutamate \[[@B31]\]. This is unusual for a neuropeptide that would typically be expected to exert a more moderate neuromodulatory role acting in the \>100 nM range. For example a range of other neuropeptides require 100 to 1,000 nM concentrations to be able to modulate the firing of GnRH neurons \[[@B108][@B109]\]. Given the highly conserved role of kisspeptin in regulating GnRH neurons in vertebrate species \[[@B110]\], it is possible that this unusually potent form of neuropeptidergic control of the GnRH neurons is evolutionarily ancient and has been maintained due to the absolute necessity of reproduction for species propagation.

Elsewhere in the brain, high concentrations of kisspeptin are required to modulate neuronal activity or functioning. For example, even in brain areas where KISS1R may be expressed, electrophysiological studies require 100 to 1,000 nM levels of kisspeptin to exert significant effects and intracerebroventricular concentrations need to be 1,000-fold greater (see above). This suggests that kisspeptin acts as a neuropeptide with a typical neuromodulatory mode of action in the wider brain ([Fig. 2](#F2){ref-type="fig"}). Indeed, this principal seems likely to be applicable to kisspeptin signaling throughout the body \[[@B8][@B9]\] and is compatible with the absence of any major phenotype beyond defective GnRH neuron functioning in humans or animals with kisspeptin-related mutations \[[@B1][@B3][@B5][@B49]\].

The second theme is that kisspeptin is able to act through KISS1R as well as other receptors, primarily NPFFRs, to modulate neuronal activity. As noted in this review, there are several brain locations where a mismatch occurs between the presence of kisspeptin fibers and *Kiss1r* mRNA expression. In some cases, kisspeptin fiber location better matches the expression of NPFFRs. Further, electrophysiological studies clearly show that kisspeptin, acting at neuromodulatory concentrations (100 to 400 nM), can have the same effects as NPFFR agonists and also regulate neuronal firing in the absence of KISS1R. This in itself is not unusual for neuropeptidergic signaling in the brain (and periphery) where a neuropeptide, whilst having highest affinity for one subtype, can nevertheless activate multiple receptors within its family. Clearly much further investigation is required in this area. The further development of NPFFR-null mice \[[@B111]\], specific NPFFR agonists and antagonists \[[@B52]\], and the generation of reliable antisera to KISS1R and the NPFFRs will be critical for investigating RFamide neuropeptide cross-talk signaling in the brain.

We conclude by speculating that kisspeptin will be found to act as a neuromodulatory neuropeptide within multiple different neuronal networks in the brain. In common with other neuropeptides, these effects will likely be mediated by multiple neuropeptide receptors and not found to be essential for the functional integrity of the neuronal network they signal within. This is in marked contrast to kisspeptin-KISS1R signaling at the GnRH neuron that is an unusually potent and irreplaceable form of neuropeptidergic neurotransmission.
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![Kisspeptin actions on the excitability of different central nervous system (CNS) neurons. (A) Voltage recording of gonadotropin-releasing hormone (GnRH) neuron action potential firing from a female green fluorescent protein-GnRH mouse showing the typical long-lasting excitation evoked by a short 2-minute (grey bar) application of 10 nM kisspeptin. (B) Ratemeter histograms of action potential firing in two oxytocin neurons from a urethane-anaesthetized day 18 pregnant rat showing the effects of intracerebroventricular injection (ICV) and intravenous injection (IV) of kisspeptin, respectively (recordings kindly provided by Drs V. Scott, A.J. Seymour, and C.H. Brown, University of Otago, Dunedin, New Zealand). (C) Voltage recording of ARC neuron action potential firing from a *Kiss1r*-null female mouse showing short-lasting excitatory responses to 400 nM kisspeptin and RFRP-3. Adapted from Liu et al. \[[@B20]\], with permission from Endocrine Society. (D) Whole cell current recordings from hippocampal dentate granule neurons in rats showing that 600 nM kisspeptin increases the amplitude of alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor-mediated excitatory postsynaptic currents (EPSC). Left, histogram of mean response. Right, example of EPSCs during control and after 600 nM kisspeptin (recordings kindly provided by Prof. Amy Arai, Department of Pharmacology, Southern Illinois University School of Medicine, Springfield, IL, USA).](enm-31-193-g001){#F1}

![Schematic diagram showing possible signaling pathways for kisspeptin in the central nervous system (CNS). The distinction is made between signaling through kisspeptin receptor (KISS1R), neuropeptide FF receptor (NPFFR) and possibly even other RFamide receptors. Signaling through KISS1R may be either an essential synaptic driver (gonadotropin-releasing hormone \[GnRH\] neurons) or neuromodulatory (proposed for other CNS neurons), whereas signaling through NPFFRs is suggested to be neuromodulatory throughout the CNS. The primary ion channels modulated by kisspeptin are noted for each mode of signaling. NSCC, non-selective cation ion channels; POMC, pro-opiomelanocortin; NCX, sodium-calcium exchanger; AMPA, alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid.](enm-31-193-g002){#F2}
